We study a scalar-tensor cosmological model where the Einstein tensor is non-minimally coupled to the free scalar field dynamics. Using FRW metric, we investigate the behavior of scale factor for vacuum, matter and dark energy dominated eras. Especially, we focus on the inflationary behavior at early universe. Moreover, we study the perturbation analysis of this model in order to confront the inflation under consideration with the observational results.
I. INTRODUCTION
It is known that the scalar fields play an especially important role in cosmology. For example, one may mention to the numerous inflationary models in which inflation is typically driven by a fundamental scalar field so called inflaton. The general form of the action for a scalar-tensor theory with a single scalar field minimally coupled to gravity is given by 1 [1]
where g µν is the metric tensor, g = det(g µν ), R is the scalar curvature and V (φ) is the scalar field potential. Also, there are scalar-tensor theories with non-minimal kinetic coupling to the Ricci tensor [2] , the scalar curvature R and the f(R) and f(T) theories of modified gravity [3] , [4] . In the application of above gravity theories to the cosmology of early universe, the role of scalar field potential to establish an inflation is unavoidable. However, which potential can exactly describe the correct inflation at early universe is an open problem. In general, the slowly varying potentials should behave like a large effective cosmological constant suitable for driving an inflation, however the appropriate choice of V (φ) satisfying the requirements of inflation results in the known problem of fine tuning of the cosmological constant. One way to get rid of the controversial role of the scalar field potential in inflationary models was introduced by Linde as a model so called chaotic inflation [5] where extremely simple potentials can lead to inflation. Also, some models have been introduced to represent natural inflation [6] and inflation with non-minimal derivative coupling [7] . Nevertheless, one may also think of removing the scalar field potential in the inflationary scenarios in favor of a non-minimal coupling of the scalar field dynamics with Einstein tensor [8] , [9] , [10] , [11] . This is a minimal model because it is economic to consider a free scalar field rather than a scalar field subject to a potential term. In other 1 We have used the units G = 1.
words, it seems more reasonable to think that the universe requires an action to trigger the inflation by the least factors: geometry and free scalar field. In [10] , realistic cosmological scenario has been introduced based on non-minimal kinetic coupling. It has been shown that at early universe the domination of coupling term in the field equation predicts a quasi-de Sitter expansion which comes to the end in a fraction of a second. However, the exponential expansion and the rate of this expansion, namely the Hubble parameter at early universe, has been obtained merely in a pure mathematical way by the study of asymptotic behavior of this parameter in the limit of vanishing scale factor. Afterwards, the domination of matter term causes the universe to enter the matter dominant era, and finally the cosmological constant term comes to play the role of dark energy and causes the universe to experience the accelerated expansion.
In the present paper, we revisit the cosmological model introduced in [10] to improve it by introducing a real inflation model. We intend to bring this cosmological model in the framework of a inflation model having suitable slow-roll conditions, an exit mechanism from inflation, creation of baryonic matter after inflation and so on. Indeed, we obtain the same results reported in [10] plus some new interesting results, in a more physical and systematic way. More importantly, we study the perturbation analysis of this inflation model in order to confront the inflation under consideration with Planck and BICEP2 results. In section II, we study the cosmology with non-minimal kinetic coupled gravity and introduce our inflation model which is followed by matter dominant and dark energy dominant eras. In section III, we study the cosmic perturbations inside and outside the horizon. In section IV, we study the vacuum fluctuation of the inflaton field to obtain the scalar spectral index and tensor-to-scalar ratio. The paper is ended with a conclusion. mological constant. Let us consider a free (without potential term) scalar field whose kinetic term is coupled both with the metric tensor g µν and Einstein tensor G µν . We write the action as [10] 
where R is the Ricci scalar, α is a coupling parameter with dimension of (length) 2 , Λ is the cosmological constant, and S m is the matter action. Equations of motion for the scalar field and the metric field are obtained by varying (2) with respect to φ and g µν , respectively as
where the total energy-momentum tensor is divided into three parts as follows [10] T (m)
where T (m) µν
and (T (φ)
µν + Θ µν ) are independently conserved. Using the Friedmann-Robertson-Walker (FRW) flat (k = 0) background metric with a(t) being the scale factor
the field equations are obtained [10] 
2Ḣ + 3H 2 = −4πφ
Therefore, one obtains the total density and pressure respectively as
where a dot denotes derivative with respect to t. Equation (11) can be easily integrated to [10] 
where λ is the constant of integration. The author in [10] , using (9), (14) and following a pure mathematical procedure has obtained the asymptotic behavior of the Hubble parameter in the limit a → 0 as follows
which resulted in a quasi-de Sitter expansion of the scale factor as
Although this behavior is a typical example of inflationary behavior at early universe, however, it is obtained through a pure mathematical way rather than a systematic physical procedure in the framework of a real inflation model having slow-roll conditions. In other words, the quasi-de Sitter expansion predicted in [10] lacks a systematic inflation model having slow-roll conditions and the exit mechanism from inflationary era. In the three following subsections, we will recover the results obtained in [10] , following a inflation model in a systematic way which includes an inflation era with suitable slow-roll conditions, an exit mechanism from inflation, a deceleration era, and an acceleration era of the universe.
A. Inflationary universe
In this section, we intend to show that the above results obtained in [10] and some new results can be deduced from a real inflation model which we shall describe in the following. First, we note that the Hubble parameter (15) may be obtained in a rather systematic way, instead of finding the asymptotic behavior for the Friedmann equation (9) . In so doing, by differentiating (14) with respect to time and substitutingφ andφ in (12) and (13), we obtain
At very early universe where there is no baryonic matter, namely ρ m = p m = 0, we define ρ v = ρ T and p v = p T as the density and pressure of the vacuum state. Then, we combine Eqs. (17), (18) to obtain the following equation of state
It is well known that any inflation model requires the vacuum equation of state p v = −ρ v , so in order to achieve this necessary condition for inflation we need to satisfy the following equation for λ = 0
It is easy to show that this goal is achieved provided that
where the subscript α denotes the Hubble parameter at the regime where the contribution of kinetic coupled gravity is dominant. In fact, by using (21) in the denominator of the last term in (20), we obtain
Then, by using (22), the term 3αḢ is ignored compared with the first two terms and these two terms cancel out each other by (21) . Therefore, we realize that simply imposing the vacuum equation of state results in the Hubble parameter (21) which was previously obtained as (15) through a cumbersome mathematical method [10] . Moreover, we find Eq.(22) as a new result, compared with the results obtained in [10] , which automatically gives us the slow-roll condition (see bellow). Now, we aim to establish a inflation model for the behaviors of scale factor and scalar field. The cosmological evolution of universe at the vacuum dominated state is described by
and (see (14) )φ
We know the vacuum era p v = −ρ v corresponds to the following Einstein equations
Motivated by (22), we may define the Hubble slow-roll parameters
Hence, as long as the approximations ε ≪ 1, η ≪ 1 hold, the inflationary stage is guaranteed. In order to study the exit mechanism from inflationary era, we investigate the condition under which the vacuum equation of state is violated. To this end, we combine (17) and (18) as
where it is assumed that the RHS will be no longer vanishing when the inflation reaches to its end. On the other hand, combining (9) and (10), and using (30) results in
which is consistent with Eqs.(27), (28). Moreover, substituting (14) in (9), with ρ m = 0 2 , we obtain
Now, by equating (31) and (32) we can find the condition under which ε = 1. This results in the following equation
which is obtained by ignoring the second term in the denominator of (31) due to the small value of the coupling α (see bellow). Eq.(33) is the condition under which the slow-roll approximation is violated. Therefore, using (33) we realize that the inflation is ended at t f when the scale factor is inflated to the order of magnitude
Note that, although according to (25) the inflationary expansion of the scale factor is determined just by the coupling parameter α, however, for a given value of λ the end of inflation is determined essentially by the cosmological constant Λ. The more small cosmological constant, the more large scale factor at the end of inflation. This is another new and interesting result which was not reported in [10] . Actually, this is a reasonable result because it tells us that both the essential parameters α and Λ should be involved in the beginning and ending of the inflation.
One may obtain the number of e-folding during the inflation as
To overcome the problems of standard cosmology we need N ≈ 60, so in order to achieve this condition during the short period of time t f ∼ 10 −35 required by particle physics, the order of magnitude for the coupling α should be 10 −37 sec 2 . Furthermore, if we assume that the initial size of the universe before the inflation had been about the Planck length 10 −34 m, then the 60 number of e-folding results in the final size of the universe at the end of inflation as large as a(t f ) ∼ 10 −34 × 10 28 ∼ 10 −6 m. Comparing this with (34), and assuming that toward the end of inflation αH 2 will become small enough, we obtain λ proportional to the cosmological constant
Considering (14), it is seen that the very small value of λ affects the dynamics of scale factor by a factor of 10
in a way that for a sufficient time period 0 ≤ t < t f the scalar field dynamics obeys the slow-roll condition, namelyφ 2 ≪ 1. However, toward the end of inflation at t = t f the contribution of increasing scale factor in the denominator dominates the smallness of λ in the numerator, so the scalar field dynamics starts decreasing very fast and the slow-roll condition is abandoned forever.
B. Radiation and Matter dominated universe
In Ref. [10] , it was assumed that the baryonic matter was there initially when the inflation (quasi de Sitter expansion) started, but its density was ignorable in comparison to the kinetic coupling term. However, this assumption is not in agreement with the common belief that the baryonic matter was created by the inflaton field after the inflation was ended. In the following, we show that this common belief may be realized in our inflation model. After the inflationary era the scale factor a becomes exponentially large (see (25)), hence the last terms of (17), (18) containing a −6 become ignorable. At this time, namely t f , the very fast decrease in the kinetic energy of the scalar field (see (26)) starts and can be balanced by the creation of baryoinc matter with the density and pressure related by the equation of state p m = ω m ρ m . At this stage, we have just two components left as follows
Assuming an small cosmological constant in comparison with the sufficiently large values of matter density and pressure, the cosmological evolution of universe at this stage with ignorable cosmological constant is well known as follows [14, 17] • for ω m = 1 3 we have the radiation dominant era with the scaling behaviour ρ m ∝ a −4 and time evolution
• for ω m = 0 we have the matter dominant era with the scaling behaviour ρ m ∝ a −3 and time evolution a(t) ∝ t 2/3 .
C. Dark energy dominated universe
At the late time and old universe, the scale factor becomes so large that ρ m ∝ a −3 ≪ Λ/8π. This stage of evolution is governed by the cosmological constant
which represents the new phase of vacuum state as
where the cosmological constant plays the role of Dark energy. The cosmological evolution of this dark energy dominated universe is well known as de Sitter expansion [14, 17] 
where
III. COSMIC PERTURBATION
A. Background Universe
In this section, we focus on the inflationary universe and study the cosmological perturbations. Let us consider a flat FRW background universe with the metric
where η is the conformal time defined as dη = dt/a(t). In the background universe the scalar field is homogeneous, namelyφ =φ(η).
The background scalar field equation in terms of the conformal time η becomes
whereH is the Hubble parameter in the background universe and ′ denotes a derivative with respect to the conformal time. Also, the background energy-momentum tensor is given by the following components
The Friedman equations are
B. Perturbed Universe in the Newtonian Gauge
The metric of perturbed universe in the Newtonian gauge is
and
where Ψ is the gauge invariant Newtonian potential which characterizes the metric perturbations. The determinant of the perturbed metric is obtained
In this perturbed metric, the scalar field equation takes the form
Now, we divide the scalar field into a background and a perturbed parts
Also, the required perturbed geometrical quantities in the Newtonian gauge are [16] ,
Substituting Eqs. (56) and (55) into (54), we get the field perturbation equation as follows
In the slow-roll approximation(Ḣ ≈ 0) Eqs. (57) and (58) become
In order to obtain the equations of perturbations, we have to linearize the Einstein equations
for small inhomogeneities about FRW background universe. The components of Einstein tensor for the background metric (8) are obtained easily and result in [14] 
The direct calculation of (64) for the metric (52) gives the equations [14]
Equation (57) contains two unknown variables, δφ and Ψ, and should be supplemented by one of the equations (65)-(67). It is convenient to use (66). Substituting φ = φ + δφ(η, x) in (7), using Eqs.(56), and after a tedious but straightforward calculation we obtain
Hence, equation (66) becomeś
Now, we solve (57) and (69) in two limiting cases: i) for short wavelength perturbations where the physical wavelength λ ph is much smaller than the curvature scale H −1 , ii) for long wavelength perturbations where λ ph is much larger than the curvature scale H −1 . Since the curvature scale does not change very much during the inflation and the physical scale of perturbations grows like λ ∼ a/k, hence we are interested in the short-wavelength perturbation where the physical wavelength starts smaller than the Hubble length but eventually exceeds it. We may fix the amplitude of these modes by vacuum fluctuations through the uncertainty principle. Then, we study how the amplitude of these perturbations evolves after it crosses the Hubble length.
C. Inside the Hubble scale
For the short-wavelength perturbations we have λ ph ≪ H −1 or, equivalently k ≫ Ha ∼ |η| −1 . Moreover, for a very large kη the spatial derivative term dominates in (57) and its solution becomes as exp(±ikη) to leading order. On the other hand, the gravitational field oscillates (Ψ ∼ kΨ), and can be estimated from (69) as
whereφ = aφ. Taking into account that during the inflationḢ ≈ 0, we will get
Now, using this equation and also k ≫ Ha, after a tedious but straightforward calculation we find that the equation (59) reduces to the following equation in terms of physical timë
where use has been made of the slow-roll approximation. This equation is easily solved with H being constant. Figure 1 , shows the behavior of δφ(t) as a function of the Hubble time (Ht).
D. Evolution through Horizon Exit
To take advantage of the slow-roll approximation for the perturbations, we need to recast (57) and (69) in terms of the physical time t as
FIG. 1: the behavior of short-wavelength perturbations with using the slow-roll approximation for H = constant., k ≫ Ha, a0 = 1 and T = Ht ≃ 4 .
where, I is the quantity defined in Eq. (58) which is expressed here in terms of the physical time t. The spatial derivative term ∇ 2 φ ≈ k 2 can be neglected for longwavelength inhomogeneities (i.e. k ≪ Ha). To find the non-decaying slow-roll mode we next omit terms proportional toΨ [14] . The equations for the perturbations in slow-roll regime result in
where we have removed the overbears on the background quantities, for simplicity. But,in the slow-roll approximation the scalar field equation is,
Then, we can ignore the RHS of Eq.(75), and rewrite (75) as(
This equation is also easily solved with H being constant. The behavior of δφ(Ht) is shown in Figure ( 2).
In conclusion, for a < a k ∼ k H the perturbations are inside the horizon and their amplitudes decrease with time as is seen in Fig.1 . After a few Hubble time, the perturbations cross the horizon, for a > a k , and their amplitudes freeze out at their last values crossing the horizon, as is seen in Fig.2.   FIG. 2 : the behavior of long-wavelength perturbations with using the slow-roll approximation for H = constant, k ≪ Ha, a0 = 1 and 2 < T = Ht < 4 .
IV. VACUUM FLUCTUATION OF THE INFLATON FIELD
In this section, we will study the spectrum of the inflaton field perturbation. We know that the scalar field equation, in the absence of cosmological perturbations is given by
We divide the scalar field into a background and a perturbed parts as
Substituting Eqs.(80) into (79), and using (11), we get the field perturbation equation as follows
In the slow-roll approximation (Ḣ ≈ 0) we obtain
For very large H we obtain
This equation in the conformal time (η) is written as
For a given Fourier component, it becomes
By defining u ≡ aδφ, the above equation casts into the following form
In the slow-roll regime we have [16] 
Using (87), (88), and up to 1 th order in the slow-roll parameter ε, we obtain
This equation is closely related to the Bessel equation.
To see this, we may rewrite it as
Defining a new function S so that u ≡ (−η) 1 2 S, we obtain
whose solutions are the Hankel functions. Early time and late time correspond to −Kη −→ ∞ and −Kη −→ 0, respectively. Thus, we have [16] 
for early time and 
namely δφ K becomes almost constant to 0 th order in slow-roll parameters. One can fix
for vacuum fluctuations during inflation, where L 3 is a finite cubic box volume [16] .
We shall now calculate the power spectrum of these vacuum fluctuations. The power spectrum is defined as the following expectation value corresponding to the scalar field perturbation [15] 
Well bellow the horizon exit, K ≫H, namely during the timescales much less than the Hubble time, the field operator δφ k (η) becomes the Minkowski space field operator and we have standard typical vacuum fluctuations in φ. Well above the horizon exit, the power spectrum of δφ fluctuations is given by [16] 
Therefore, the scale dependence of power spectrum is obtained as
which leads to the scalar spectral index
Also, we can obtain the primordial power spectrum [16] 
and the primordial tensor perturbations
The tensor-to-scalar ratio is then obtained as
where use has been made of Eqs. 
r ≃ 0.11
we find ε ≃ 2 × 10 −2 and
[φ] K=aH ≃ 0.19 M P P lanck 0.26 M P BICEP 2,
which predicts the vacuum expectation value of the scalar field, at the time of leaving the horizon, in terms of the Planck mass.
V. CONCLUSION AND DISCUSSION
Motivated by the fact that the common inflationary scenarios usually need a scalar field potential to trigger the inflation, and that taking the proper inflaton potential without fine tuning and cosmological constant problems is still an unsolved issue, we have studied the cosmological implications of a kinetic coupled scalar-tensor gravity to establish a systematic inflation model which is capable of transition to the matter dominant and dark energy dominant eras. Moreover, we have studied the perturbation analysis of this inflation model in order to confront the inflation under discussion with the recent observational results.
The last important point is to investigate about ghost instability. A ghost is a degree of freedom whose propagator has the wrong sign giving rise to a negative norm state on quantisation. A gravity theory with fourth order derivatives in the kinetic term inevitably has ghosts [12] . However, in the case of the kinetic term coupled to the metric and Einstein tensor, the equations of motion for the scalar field is reduced to second order [8] . Therefore, from physical point of view this theory can be interpreted as a good theory. Especially, since the scalar field is space independent, its kinetic term in the action (2) is limited to (g 00 + αG 00 )∇ 0 φ∇ 0 φ which has positive correct sign, regarding α > 0, g 00 > 0, G 00 > 0, hence excludes the ghosts [13] .
